BACKGROUND AND LEGAL FRAMEWORK
Switzerland is a relatively small industrialized country that is densely populated given that more than 60% of its area is mountainous. Switzerland has no significant fossil reserves but, as a result of its geographical profile, offers great potential for hydroelectric power. Up to the end of the 1960s, the Swiss electricity demand was indeed almost completely covered by this capacity. Hydroelectric power currently constitutes about 60% of the total electricity produced. Commercial use of nuclear power in Switzerland began in 1969. By 1984, 5 nuclear power units were connected to the electricity grid: 3 pressure water reactors (Beznau 1 and 2 and Goesgen) and 2 boiling water reactors (Muehleberg and Leibstadt) at 4 sites, providing total production of around 3 200 MWe, i.e. around 40% of the total electricity currently produced. For the past six decades, Swiss electricity consumption has increased almost continuously, from about 10 TWh in 1950 to more than 63 TWh in 2012.
Starting in 2007, the construction of new nuclear power plants (NPPs) again came under discussion. License applications were submitted at the end of 2008, but the process was suspended following the Fukushima Dai-ichi accident in March 2011. A fundamental change in the energy policy was decided by the federal government in May and approved by Parliament in June 2011. The revised strategy ("2050 Energy Strategy") was presented to Parliament in september 2013, together with the corresponding modifications of the nuclear energy legislation. It foresees a gradual phase-out taking place until approximately 2030. No new nuclear plants will be built and renewable energy sources should be developed. In combination with energy saving measures, in the next 20 years this should replace the 40% share of the nation's electricity currently produced by nuclear plants.
The current legal framework for nuclear energy, including the management of radioactive waste associated with nuclear energy production, is defined in the new http://dx.doi.org/10.7733/jnfcwt.2013.1. The concept of "monitored long-term geological disposal," which combines passive safety with a monitoring period and retrievability "without undue effort" and applies to all types of radioactive waste, i.e. low and intermediate-level waste (L/ILW), highlevel waste (HLW), and spent fuel (SF) when declared as waste (see Section 2). A step-by-step licensing process, under the responsibility of the Federal Government, which includes a general license for the selected site, followed by licenses for repository construction, operation, and closure. A Waste Management Program [3] to be compiled every five years and approved by the Federal Government. The implementation of disposal in Switzerland. The option for the disposal of radioactive waste within the framework of a bilateral or multilateral project is kept open under very strict conditions, but is not actively pursued. Site selection to be based on a so-called "Sectoral Plan" under the leadership of the Federal Government. A Sectoral Plan is a land-use planning tool commonly applied to large-scale infrastructure projects such as the construction of motorways or airports (see Section 7) . Site selection supported by a broad consultation process. However, siting regions and communities have no veto right on the siting of a deep geological repository. The government decision on a general license is subject to the approval of Parliament and to an optional national referendum. A 10 year moratorium on spent fuel reprocessing starting on July 1 st , 2006.
The management of radioactive waste originating from medicine, industry, and research is governed by the Radiological Protection Act [4] and the Radiological Protection Ordinance [5] , both of which became effective as of October 1 st , 1994.
The financing of nuclear waste disposal is regulated in the Nuclear Energy Act mentioned above and in a separate ordinance that came into force on December 7 th , 2007 [6] . Two separate funds have been established for decommissioning and waste disposal. Waste producers pay annual contributions to these funds, based on cost estimates that are updated every five years.
WASTE MANAGEMENT STRATEGY
The radioactive waste management strategy of Switzerland is shown in Fig. 1 . In accordance with the legislation in force, two deep geological repositories are foreseen for the disposal of all Swiss radioactive waste. The current management of the various waste streams, as well as the expected waste volumes, is presented below. 
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Low and intermediate-level waste (L/ILW)
Radioactive waste arising from the use of radioisotopes in medicine, non-nuclear industry, and research is collected by the Paul Scherrer Institute (PSI) on behalf of the Federal Office of Public Health. It is then conditioned and stored until disposal at the Federal Storage Facility at PSI. Waste arising from the operation of nuclear power plants is conditioned and stored mostly on-site. Some low-level operational waste has in the past been conditioned (e.g. incinerated) at PSI. This type of waste is now transferred to the Central Storage Facility (ZWILAG) for incineration and melting in a recently emplaced plasma furnace. The Central Storage Facility started operating in 2001.
According to current estimates, the total volume (conditioned and packaged into disposal containers at time of emplacement in repository) of waste for the L/ILW repository will amount to 89,500 m 3 for the existing NPPs with an assumed operation time of 50 years and a collection period of the waste from medicine, industry, and research until 2050. Among this, 32,200 m 3 is operational and decommissioning waste from medicine, industry, and research (this figure includes a reserve of 12,000 m 3 mainly to cover waste from large research facilities), 26,000 m 3 represents operational waste from the NPPs (including exchangeable reactor internals such as control rods, etc.) and 31,300 m 3 is expected from the decommissioning of the five existing NPPs and waste treatment installations (e.g. a plasma incinerator) at the ZWILAG Central Storage Facility.
High-level waste and spent fuel (HLW and SF)
Until July 1 st , 2006, spent fuel was sent for reprocessing to France (AREVA NC) and the United Kingdom (Sellafield Ltd). A moratorium (see Section 1) currently prohibits the export of spent fuel for reprocessing until June 30 th , 2016. Before the start of the moratorium, about 1,139 tons of spent fuel had been shipped from the Swiss NPPs to the reprocessing facilities. All Swiss fuel has already been reprocessed. The waste arising from reprocessing is being returned to Switzerland and has been stored at the Central Storage Facility since 2001.
Spent fuel is also stored at the Central Storage Facility. The decision as to whether this spent fuel should be reprocessed at a later time or disposed of as waste has not yet been made. ZWIBEZ, a further interim storage facility located at the Beznau NPP, can accommodate 46 storage casks for HLW and SF. In addition, a separate building for the wet storage of spent fuel elements was commissioned at Goesgen NPP in 2008.
A total of around 3,600 tons HM (heavy metal) of spent fuel is expected from the five reactors currently in operation, assuming a 50-year operating lifetime. For planning purposes, the total amount of vitrified waste is assumed to correspond to the spent fuel that has already been reprocessed (1,140 tons) although, in principle, reprocessing may be resumed after the current moratorium has expired. This scenario will result in 6,595 m 3 of spent fuel elements (encapsulated in disposal containers) and about 730 m 3 of vitrified high-level waste to be disposed of in the HLW-repository. In addition, a large part of the approximately 2,300 m 3 of long-lived ILW arising from reprocessing and from the Federal Storage Facility at PSI will also be disposed of in the HLW-repository. The responsibility for radioactive waste management lies with the waste producers. Responsibility for conditioning and interim storage of radioactive waste from nuclear power plants remains with the electricity utilities. The Federal Government is responsible for the management of radioactive waste generated by the use of radioisotopes in medicine, industry, and research. In 1972, the operators of nuclear power plants and the Federal Government set up the National Co-operative for the Disposal of Radioactive Waste (Nagra) , which is responsible for the implementation of permanent and safe disposal of all types of radioactive waste. This includes:
ROLES AND RESPONSIBILITIES
Waste characterization and maintenance of the inventory of radioactive wastes as a basis for planning disposal projects; verification of compliance with waste specifications as part of the waste disposal certification procedures. Acquisition and evaluation of geological data required for site selection, safety assessment, and disposal projects. Project studies providing input for designing repository installations and engineered barriers, and for planning operating procedures. Ongoing analysis of results and data within the context of performance assessment and evaluation of information with a view to licensing procedure requirements. Development of databases and fine-tuning of the methods used to evaluate disposal system behavior; verification and validation of the data and models used in performance assessment. Active participation in international collaborative projects, with the aim of coordinating and optimiz-ing planning and development activities. Fulfilling responsibilities in terms of communication and information dissemination, in particular keeping the public informed on the current status of disposal programs and proposals for management solutions. Providing expert services to third parties.
Furthermore, every five years, Nagra (on behalf of the waste producers) compiles a Waste Management Program describing the steps for treatment, interim storage, and disposal of all radioactive waste in Switzerland [3] . Nagra also periodically updates the cost estimates for final disposal, which serve as a basis for the annual contributions paid by the NPP operators to the Waste Management Fund [6] .
It should be pointed out that the Swiss waste management program, although relatively small in terms of budget and manpower, is very wide in scope in terms of both waste type and host rocks considered. This program is only feasible if maximum advantage is taken of work performed elsewhere. Therefore, extensive use is made of international collaboration and information-exchange agreements with other national programs so that effort can be focused on specific key areas.
Apart from active participation in the IAEA and the NEA, Nagra has formal agreements with the EU and numerous organizations in various countries (Belgium, Canada, the Czech Republic, Finland, France, Germany, Japan, South Korea, Spain, Sweden, Taiwan, the USA, and the UK). Informal collaborations extend the list further.
The Federal Government provides the legal framework and its regulatory authorities are responsible for the supervision of nuclear power plants and the management and eventual disposal of radioactive waste. The general license that is initially needed for each nuclear facility, including deep geological repositories, is granted by the Federal Council (Federal Government). The general license has to be approved by Parliament and is subject to an optional national referendum. The Federal Council also issues closure orders for disposal facilities. The licensing authority for the subsequent licenses for nuclear facilities (construction and operation) is the Federal Department of the Environment, Transport, Energy and Communications (UVEK).
The Swiss Federal Office of Energy (SFOE), within UVEK, participates in the organization and implementation of the various licensing procedures, and prepares decision-making bases for the relevant federal department and the Federal Council. The SFOE also coordinates the site selection procedure and is responsible for the implementation of the Sectoral Plan "Deep geological repositories" (see Section 6).
The Swiss Federal Nuclear Safety Inspectorate (ENSI) supervises nuclear facilities with respect to radiation protection and nuclear safety at all stages of the life cycle. ENSI specifies the detailed safety require-ments in regulatory guidelines, reviews license applications, and supervises the nuclear facilities, the preparations for the disposal of radioactive waste (including geological investigations), and the transport of radioactive material from and to nuclear facilities. ENSI regulatory guidelines in the field of radioactive waste management include the following: ENSI-B05 on the conditioning of radioactive waste [7] , ENSI-G03 on the requirements for geological disposal [8] , ENSI-G04 on requirements for the interim storage of radioactive waste [9] , and ENSI-G05 on the requirements for transport and storage casks [10] .
The Federal Nuclear Safety Commission (KNS) examines fundamental issues relating to nuclear safety, and may submit position statements to the Federal Council and UVEK concerning safety assessments of the nuclear safety authority ENSI.
An interagency working group on radioactive waste management (AGNEB) is responsible for following up the work carried out in this sector by other bodies, and for preparing the technical elements necessary for making an evaluation, as an aid to the Federal Council and UVEK when making decisions in this field. It ensures that the Confederation respects the time limits prescribed for licensing procedures and reports once a year to the Department.
Finally, as a Federal Government advisory body, the
Expert Group Geological Disposal (EGT) advises ENSI and submits position statements on geoscientific and engineering aspects of radioactive waste disposal.
THE REPOSITORY CONCEPTS
The safety concept for the two geological repositories in Switzerland is based on a multi-barrier approach, namely the consideration of a series of passive safety barriers. Fig. 3 and 4 show the repository concept for the HLW/SF and L/ILW, respectively. The different elements of the safety barrier system can be summarized as (see also [11] are low-permeability sedimentary formations Geosphere and geological situation at large.
Note that, for the various elements above, options can be considered, for example, carbon steel, copper or copper-coated canisters, addition of bentonite to the backfill of the L/ILW disposal caverns, etc. Some of these options have been extensively investigated by other national programs, whereas for others, Nagra is participating in cooperative research studies.
The current concept considers sedimentary formations as potential host rocks. The repository concept for HLW and SF includes horizontal waste emplacement tunnels, excavated in the median plane of the Opalinus Clay formation (see Section 5), which is 100-130 m thick and is at a depth of 400 to 900 m in the potential siting regions of interest. The formation has a low hydraulic conductivity (< 10 -13 m/s) and transport is dominated by diffusion. The canisters of vitrified high level waste and spent fuel would be emplaced horizontally in the center of the tunnels, on top of bentonite blocks; the remaining space would be backfilled with bentonite pellets. Long-lived intermediate level waste would be emplaced in separate rooms that would be backfilled with cementitious material (Fig. 3 ).
For the L/ILW repository, a cavern disposal concept has been adopted by Nagra (see Fig. 4 ). The repository would be excavated at a depth between 300 and 400 m below surface. An array of several L/ILW caverns of approximately 200 m length, spaced 80 m apart, would receive the emplacement concrete containers into which the drums with the conditioned waste are packed. Similarly to the HLW/SF repository, the repository system includes a rock laboratory/test facility and a pilot facility.
EVOLUTION OF THE SWISS RADIOACTIVE WASTE MANAGEMENT PROGRAM
A Government Ruling on the Atomic Act (1978) sets very specific requirements to demonstrate that safe disposal of radioactive waste in Switzerland is feasible, as a prerequisite to the construction of any new nuclear power plants. This provision is also included in the current nuclear energy legislation [1] . The demonstration of feasibility includes three different aspects: a) engineering feasibility, i.e., concepts that can be engineered with existing technology; b) long-term safety to humans and the environment; and c) site feasibility, i.e., that there exist formations and locations in Switzerland where a) and b) above can be fulfilled.
Following these requirements, Nagra prepared the socalled Projekt Gewaehr (Project "Guarantee") and initiated a number of related programs that established the foundation of the scientific and engineering basis for the radioactive waste management program of Switzerland. They included a series of field investigations for the characterization of potential host rocks and sites (see for the conceptual development and the total system performance assessment.
The L/ILW Program
Nagra's site selection procedure for a L/ILW repository began in the 1970s. As the first step, an inventory of potential host formations was developed using information available in the open literature. A total of 100 potential sites were identified based on geological and engineering requirements. The desirable barrier function properties for potential host rock formations were defined as follows: highly water impermeable, sufficient extent and thickness, easy to predict the geometry, good sorption properties for radionuclides in solution, and low content of aggressive chemical components. On the basis of a stepwise multi-criteria narrowing down process, the following sites (see Fig. 5 ) were selected by Nagra for more detailed field investigations: Bois de la Glaive (BDG) in anhydrites, Piz Pian Grand (PPG) in crystalline, Oberbauenstock (OBS), and Wellenberg (WLB) in marls.
Projekt Gewaehr was submitted to the government in 1985 and, following a review by the regulatory authorities and the respective commissions, the demonstration of feasibility for the L/ILW was formally accepted by the Federal Council in 1988.
In continuation of the L/ILW program, Nagra performed exploratory investigations in the four sites shown in Fig. 5 . Following a detailed analysis of the site characterization and an assessment of the long-term safety of the whole system, in 1994, Nagra submitted a general license application for the Wellenberg site in Canton Nidwalden. The review of the license application by the federal nuclear safety authorities came to a positive conclusion, but the granting of the mining concession required by cantonal legislation was rejected by the voters of Canton Nidwalden in a cantonal referendum (the siting commune of Wolfenschiessen voted in favor of the concession).
The Cantonal and Federal Governments formed several working groups to analyze the results and to find a way to proceed. The Expert Group of Disposal Concepts for Radioactive Waste (EKRA), established by the Federal Government, issued its findings in 2000 and proposed adopting the concept of "monitored long-term geological disposal," as a response to the social demand for reversibility of decisions up to repository closure [12] . This approach calls for a stepwise implementation of disposal and a repository including three main components: a test facility should help determine the suitability of the selected disposal site; it is operated prior to the emplacement of waste in the main facility; the main facility will receive the bulk of the waste; it will be backfilled and sealed after waste emplacement; in parallel, a small but representative component of the waste will be held in the pilot facility and will be monitored and controlled up to the time of final backfilling. The pilot facility will have the same geometrical and engineering characteristics as the actual repository, albeit with shorter disposal caverns. An extended monitoring period at the end of the operations, in addition to the several decades of monitoring the pilot repository, will provide the generation at that time-according to the EKRA group-with a sufficiently long record of observations to decide on final closure. The EKRA findings were reflected in the new Nuclear Act and Ordinance enacted in 2005 (see Section 1).
The Wellenberg design was modified to reflect EKRA's suggestions. However, despite the favorable evaluations, the license requests were denied for a second time in a cantonal referendum in 2002, leading to a deadlock for any further steps and the decision to abandon the site on political grounds.
The HLW/SF Program
Similarly to the L/ILW program, desk studies for the identification of suitable host rocks and regions for a HLW repository performed at the end of the 1970s and the beginning of the 1980s in the framework of Projekt Gewaehr covered all areas of Switzerland and a very wide range of host rocks. Following these studies, the crystalline basement of Northern Switzerland was designated a top priority and a regional characterization program was initiated, that lasted more than 10 years. At that time, clay and anhydrite formations in the sedimentary overburden were identified as reserve options. In the course of investigating a 1,200 km 2 region, 7 deep boreholes (each between 1,300 -2,500 m) were drilled, a geophysical investigation program including 800 km of 2D-reflection seismic measurements was performed, and comprehensive hydrochemical, hydrological, and neotectonic studies were carried out.
The results of Projekt Gewaehr presented in 1985 were based on the crystalline option for HLW/SF disposal. Following a review by the authorities, the Federal Government confirmed in June 1988 that it was feasible to construct a repository in crystalline rock with the required level of long-term safety. However, they decided that there was insufficient proof from the surface investigations that sufficiently extensive bodies of rock with the required properties could be found. They therefore requested an extension of the investigations to include sedimentary rocks. A program for a more detailed evaluation of the sedimentary options was undertaken and led to the selection of Opalinus Clay as the preferred option, due to significant advantages in terms of long-term safety for a HLW/SF repository over other options.
An investigation program, including a deep borehole in the community of Benken in northern Switzerland (see Fig. 6 ) and a 3D seismic campaign, was performed [13] . Based on these results and extensive RD&D stud- 
THE TWO URLS IN SWITZERLAND
In addition to the data and knowledge obtained from laboratory experiments and field investigations, such as those presented in the section above, another valuable source for the knowledge base for geological disposal is the work performed in underground rock laboratories (URLs). Switzerland is in a unique position to host two operating underground research laboratories in two different host rocks (Fig. 5) -the Grimsel Test Site (GTS) and the Mt. Terri Project (Mt. Terri hereafter). GTS (www.grimsel.com), which is owned and operated by Nagra, is situated in crystalline rocks in the Swiss Alps and has been in operation since 1984; the URL of Mt. Terri (www.mont-terri.ch), which is owned by the Republic and Canton of Jura and operated by swisstopo, the Swiss Federal Office of Topography, is situated in Opalinus Clay and has been in operation since 1996. From their very inception both of these laboratories have been explicitly defined as only applied research facilities.
The Grimsel Test Site
GTS is located at an elevation of 1,730 m above sealevel, about 400 m beneath the Juchlistock mountain, in the granite and granodiorite of the Aar Massif, which was formed some 300 million years ago. The tunnels were excavated in 1983 and 1984 using a tunnel boring machine (TBM) and drill and blast techniques. The tunnel diameter was chosen to be 3.50 m, consistent with the crystalline reference concept studied by Nagra in Project Gewaehr. The tunnel system, over 1 km in length, was further expanded in 1995 and 1998 as part of two large-scale demonstration tests (see Fig. 7 ).
The special geological conditions encountered at the GTS (alteration between tectonically overprinted and fractured areas and homogeneous intact areas) are ideal for implementing a wide range of experimental concepts and for studying a wide variety of topics. A unique characteristic of the GTS among existing rock laboratories worldwide is the existence of a radiation controlled zone (IAEA Level B/C) in one of the investigation tunnels, which allows experiments to be carried out with radioactive tracers in the geosphere under realistic conditions (natural groundwater flow-field). With this set-up, it is possible to verify the results of small-scale laboratory experiments in the field and to directly test model calculations of the migration of radioactive substances.
Until the beginning of the 1990s, the main focus of the research projects at the GTS was on strengthening the know-how needed for planning, implementing, and interpreting field tests in the areas of structural geology, hydrogeology, and hydrochemistry, within the framework of site and host rock characterization. During the 1990s, the focus shifted towards projects addressing the migration of radionuclides in the geosphere to support performance assessment activities, as well as projects investigating engineered and natural barriers for geological repositories. Since the end of the 1990s, further steps have been taken towards more integrated (and more complex) projects with: (a) field experiments under repository-relevant boundary conditions, as far as possible (large-scale, long-term, realistic hydrogeological conditions, etc); (b) projects addressing the implementation of a geological repository (engineering feasibility, operational aspects, closure, monitoring, possible effects of repository construction on the surrounding rock). site. An overview of the most recent experiments can be found in [14] .
GTS
FEBEX
The FEBEX experiment is based on the Spanish reference concept for the disposal of high level radioactive waste in crystalline rock (similar to Nagra's concept for crystalline rocks) in which the canisters enclosing the conditioned waste are placed horizontally in drifts and surrounded by a swelling clay barrier constructed of highly compacted bentonite blocks. In a tunnel excavated with a TBM, two heaters (simulating the heat generated by the waste) were emplaced surrounded by compacted bentonite blocks. The heaters were switched on in February 1997, maintaining a constant temperature of 100°C at the heater-bentonite interface with the bentonite buffer slowly hydrating under natural conditions by water uptake from the rock. After five years of heating, the front heater was removed in 2002. The recovered materials (bentonite, metals, instruments, etc.) have been analyzed to assess the different types of processes undergone, while the second heater has remained in operation at 100°C. With continuous heating at 100°C for over 16 years and natural saturation conditions, FEBEX is the longest running experiment of this type and has generated a unique dataset including valuable long-term observations (see also [15] ). Next to the demonstration of the early time thermo-hydraulicmechanic (THM) behavior of buffer material and validation of the THM models, as part of multiple modeling exercises, the excavation phase is further expected to bring unique understanding. Corrosion processes (and iron-bentonite interactions) in coupons embedded in the buffer during the emplacement in 1996 will have taken place under in-situ repository relevant conditions for almost 20 years by the time of excavation, currently planned in 2015.
CFM
This project is dedicated to studying the generation of colloids from a bentonite-based engineered barrier system (EBS) and to investigating the influence of such colloids on radionuclide migration in a fractured host rock under advective flow conditions. Fig. 8 shows the state-of-the-art sealing system installed in the CFM site. The system has been designed to be able to control the hydraulic gradient towards the tunnel and create realistic hydraulic conditions within the shear zone close to the tunnel. It consists of a "tunnel packer" with which the outflow from the shear zone into the tunnel can be controlled to range from 600 ml/min (free flow) to 5 ml/min (just enough to still have a minimal gradient for the sampling).
As of June 2013 a large number of migration experiments using conservative tracers, bentonite colloids, and radionuclides have been carried out. Tracer cocktails made, for example, of Amino-G, bentonite colloids, Na-22, B-133, Cs-137, Np-237, Am-242, Pu-242, and Th-232 have already been used in-situ. A long-term (2-3 years) emplacement, generation, and migration test to be carried out using a bentonite block spiked with radionuclides, installed into the emplacement borehole, is at the final preparatory stages and will be initiated by the end of 2013.
The Mont Terri project and Nagra's participation
The Mt. Terri Project is an international research project for the hydrogeological, geochemical, and geotechnical characterization of a clay formation (Opalinus Clay). The rock laboratory is located in Opalinus Clay in the Jura mountains of north-western Switzerland and is owned by the Swiss Canton and Republic of Jura. The underground facilities (Fig. 9) include sections excavated using drill and blast methods as well as sections that have been excavated using other methods, for example, road header, hydraulic or pneumatic hammer, horizontal raise boring, and large-diameter auger.
The activities can be grouped into the following categories:
Characterization of a clay formation Understanding processes and mechanisms in undisturbed clays Assessing repository-induced perturbations including the interactions with the engineered barrier system (EBS) Demonstrating the engineering feasibility of, e.g., construction methods Assessment and development of investigation and testing methods and new sensors.
Nagra was one of the founding members of the Mt. Terri Project. Although the region of the Mt. Terri rock laboratory is not being considered for a future geological repository due to the tectonic regime and the location of Opalinus Clay at a relatively shallow depth, a wealth of information for the understanding of the hydrogeological, geochemical, and geotechnical characteristics of the formation can be obtained on a real scale and with easy horizontal access. Thus, not only in developing the Opalinus Clay Feasibility Project, but also for the next steps in the Swiss geological repository program, the results at Mt. Terri, albeit generic, are an indispensable complementing component to the knowledge from results at the laboratory scale and results from field investigations (e.g. exploration boreholes and seismic investigations). Nagra's activities span the entire spectrum of experiments at Mt. Terri: from techniques and methodologies for rock characterization to development of constitutive relationships to large-scale demonstration and assessment of engineering aspects relevant to the future geological repository.
Two experiments under the leadership of Nagra are highlighted below: the Full-Scale Emplacement experiment (FE) and the so-called HG-A experiment investigating the gas path through host rock and around seals. A description of all the experiments at Mont Terri since 1996 can be found on the Mont Terri website. An overview of selected recent experiments with strong participation from Nagra can be found in [14] .
FE
The main aim of the Full-Scale Emplacement (FE) experiment at Mont Terri is to investigate repositoryinduced thermo-hydro-mechanical (THM) coupled effects on the host rock and the validation of existing coupled THM models. A further aim is verification of the technical feasibility of constructing a 50 m emplacement tunnel at full scale with all relevant components using standard industrial equipment. Finally, the experiment will investigate the buffer production as well as the canister and buffer emplacement for underground conditions based on the Swiss disposal concept. The FE experiment is also part of Nagra's participation in the 'Large Underground COncept EXperiments' (LUCOEX) project, which is co-funded by the 7 th Framework Program of Euratom (European Union).
The experimental concept (see Fig. 10 ) focuses on the emplacement of three approximately 5 m-long heaters simulating spent fuel canisters. The heaters will rest on bentonite blocks and granular bentonite backfill will be used to fill the remaining space in the experimental tunnel. The experiment layout closely follows Nagra's current reference concept (see Section 4). With its planning horizon and duration extending over more than a decade, it is expected that FE will provide information for both the general site and the construction license applications.
The excavation of the experimental tunnel was completed in 2012. The influence of the excavation on the rock properties was monitored with several hundred measurement points installed in advance. The instrumentation of the rock in the tunnel near-field as well as the bentonite and the design and construction of the bentonite emplacement machine are ongoing. The emplacement of the heaters, and the bentonite backfill are planned to be completed, and consequently heating is planned to be started, by the end of 2014.
HG-A
The focus of this experiment, which was initiated in 2004, is on the role of the excavation disturbed zone (EDZ) as a gas transport path around seals at elevated pressures. In a specially excavated micro-tunnel (diameter: 1 m) backfilled with sand, gas is injected under high pressure. The micro-tunnel has been sealed with a gasimpermeable mega-packer (sealing length: 3 m). A key prerequisite for the interpretation of the hydraulic and gas tests is the understanding of the key features of the EDZ and the controlling mechanisms. The first part of the experiment was thus devoted to this task and the EDZ was shown to be controlled by: (a) marked anisotropy in the far-field stress, with an in-plane stress ratio of 1.5 to 2; (b) tectonic fractures and flaws in the rock fabric (e.g., weakly cemented siderite layers) ; and c) distinct anisotropy in geotechnical rock parameters due to bedding. The saturation of the backfill was completed in 2005 followed by a first series of hydraulic tests of the EDZ. Gas testing was initiated in 2010 and is ongoing.
THE SITE SELECTION PROCESS
The Nuclear Energy Ordinance [2] specifies that the site selection process for both L/ILW and HLW repositories should be governed by a so-called "Sectoral Plan" a stepwise decision-making approach within the framework of the spatial planning legislation. The 'Sectoral Plan for Deep Geological Repositories' [16] was formally approved by the Federal Government on April 2 nd , 2008. This document defines the site selection criteria, the role of the various stakeholders as well as the three stages of the process (see Fig. 11 ) and the input needed for decision making (see [17] for an overview). It should be emphasized that throughout the site selection process, the highest priority is given to safety and engineering feasibility.
The three stages of the Sectoral Plan shown in Fig. 11 reflect a step-wise narrowing down process, which starts from the selection of geological siting regions (Stage 1); following their approval, it proceeds with the selection of at least two potential sites for each type of repository (Stage 2); and, following the approval of those, it concludes with the selection of one site for each type of repository (Stage 3).
Stage 1: Selection of the siting regions
In Stage 1, Nagra, on behalf of the waste producers, had to propose potential siting regions [18] where, according to the safety and engineering feasibility criteria defined in the Sectoral Plan (Table 1) , geological formations with favorable properties for the construction, JNFCWT Vol .1, No.1, pp.9-27 21 Table 1 . Criteria for site evaluation from the viewpoints of safety and engineering feasibility, as defined in the Sectoral Plan operation, closure, and long-term safety of a deep geological repository could be found. For the evaluation of the geological siting regions according to these criteria, Nagra further defined a number of indicators [11] . For each indicator the definition included the minimum (indispensable) requirements that had to be met (for example, formation thickness) and, in many cases, more stringent requirements, if they were met, would have a further favorable impact on the long-term safety and feasibility.
For example, for the first criterion shown in Table 1 , namely "spatial extent," the indicators considered and the corresponding requirements for locating a HLW repository were: i) formation thickness: > 100 m; ii) lateral extent: > 4 km 2 ; iii) location/depth (from the point of view of construction): < 900 m below surface; and iv) location/depth (from the point of view of erosion): > 400 m below surface.
The methodology for deriving the requirements and the steps that were followed to narrow down the selection from the whole of the Swiss territory to the specific siting regions are described in [11] and [18] .
The geoscientific basis for the selection of the siting regions (see Fig. 12 ) included data and information from the investigations performed by Nagra over a period of 30 years as part of the geological disposal program (outlined in Section 5 above), as well as on the analysis and interpretation of data gathered by other parties. The latter included, for example, deep exploration boreholes and seismic campaigns for oil, gas, and mineral prospection and for geothermal energy, shallower boreholes and springs, surface geological and tunnel mapping, and high-level precision geodetic monitoring. geological siting regions for the HLW repository and six for the L/ILW repository (Fig. 13) . Note that three of the siting regions for the latter are almost identical to those for the HLW repository, but the formations considered for the L/ILW repository are shallower and lie above the HLW/SF host rock (Opalinus Clay).
After an extensive review by the authorities and a public consultation, Nagra's siting proposals were approved by the Federal Government in November 2011, thus completing Stage 1 of the Sectoral Plan process.
2 Stage 2 -Selection of two potential sites, including the location of surface facilities
The narrowing down process was resumed at Stage 2. The goal of Stage 2 is the selection of at least two potential sites for each type of repository within the siting regions identified at Stage 1. This includes both the sites for the underground facilities and the location of the required surface infrastructure. Whereas Stage 1 focused exclusively on safety and engineering feasibility, Stage 2 also addresses spatial planning and socio-economic aspects. At this stage the affected regions have the opportunity to participate in the site selection process through regional consultation bodies so-called "regional conferences."
Implementing the regional participation process
Regional conferences to represent the interests of each region in their interactions with the federal authorities, the regulator and Nagra. They are set up under the lead of the SFOE. A regional conference typically includes about 100 representatives from the corresponding siting region (Fig. 14) . SFOE provides the means necessary to appoint experts to support each group in evaluating Nagra's proposals, whereby Nagra is invited by the regional conferences, or their expert subgroups, to provide information on an as-needed basis.
Note that a 'region' in the context of the Sectoral Plan encompasses the communities directly above the geological region proposed, communities within a 5 km perimeter that could potentially host the surface facilities and the entrance to the access ramp, as well as communities that would be directly affected by the construction of the repository. A regional conference can thus include communities from neighboring cantons and countries (which is the case for a few communities in Southern Germany). Each regional conference has a dedicated website where all relevant information is published [19].
Selecting the sites, including the location of surface facilities
As the first step in Stage 2, the Sectoral Plan requests the waste producers to prepare proposals for the design, layout, and location of the required surface infrastructure in the various regions, in relation with potential sites for the underground facilities. To compile a list of proposals, the primary objectives are to: i) ensure safety and engineering feasibility of the surface facilities as well as the connection to the geological repository; ii) minimize the environmental impact of the surface facilities and the connection to the underground; and iii) ensure optimal integration of the facilities in the region. Table 2 summarizes the objectives and criteria for each of the primary objectives.
As in the case of the selection of siting regions in Stage 1, a number of indicators were defined in order to evaluate potential sites for surface facilities in terms of primary objectives. The requirements for each indicator were expressed either in quantitative or very descriptive qualitative terms (see also [20] and [21] ).
Considering the criteria listed in Table 2 , in January 2012 Nagra proposed 20 sites (shown in Fig. 15 ). The goal of the current step is the selection of at least one potential site within each of the six siting regions. In the second step, Nagra will narrow down the number to at least two sites for each type of radioactive waste repository. The proposals for the location of the surface facilities are currently being discussed in the framework of the regional conferences, considering:
) the criteria defined in the Sectoral Plan and their application by Nagra, ) the effects of assigning different weights to the various criteria and indicators than those applied by Nagra, ) new information or information that was not available or considered in the derivation of Nagra's proposals, ) the results of socio-economic and environmental studies performed under the auspices of SFOE for each region, which evaluate the potential regional effects from hosting a repository.
Regional conferences may also propose alternative locations for the surface infrastructure, which can be evaluated and compared to other sites using the same methodology. Thus far, Nagra has been requested to evaluate 12 additional such sites and discussions within the regional conferences are still ongoing. The first step of the evaluation of the sites for surface facilities is expected to be completed by the end of 2013. Nagra will then carry out provisional safety analyses for the retained sites in order to verify whether they are comparable with respect to long-term safety. The safety evaluations take into account the specific geological characteristics of the regions and comprise both a qualitative assessment using safety criteria and a quantitative analysis of the safety functions. The latter will provide an initial quantitative estimate of containment of the waste and potential release of radionuclides. The results of the safety evaluations will form the basis of the safety-based comparison of the sites, leading to the proposal of at least two sites for each waste repository type. Note that in preparing the final proposals, socio-economic aspects can be allowed to play a decisive role in the selection, but only in the case of sites that are comparable from the viewpoint of safety.
Next steps
According to the current planning by SFOE [22] the site proposals should be submitted by Nagra at the beginning of 2014. The evaluation of the proposals will follow the same process as in Stage 1 and is expected to be concluded within a similar time frame, meaning that Stage 2 should be completed around 2016. During this period Nagra's activities will focus on supporting the site selection process (e.g., provision of additional information, responses to requests arising), performance of surface geophysical investigations, and preparation for Stage 3 of the Sectoral Plan that will lead to the selection of one site for each repository type.
In Stage 3, the sites approved at the end of Stage 2 will be subjected to a more detailed examination and, where necessary, supplementary geological investigations from the surface (seismic surveys and drilling campaigns) will be performed. In collaboration with the regional consultation bodies, the project for the repository will be defined in greater detail and the socio-economic aspects will be subjected to closer scrutiny. This stage is expected to last about 5 years and will culminate with the submission of a site general license application for each geological repository.
CONCLUDING REMARKS
Radioactive waste in Switzerland arises from the use of nuclear energy and medical, research, and industrial applications. For their short and long-term management, the relevant legal, regulatory, and organisational framework is in place. According to the Nuclear Energy Act, all types of waste are to be disposed of safely in deep geological repositories. This is the main aim of Nagra, which was founded by the producers of radioactive waste in Switzerland, who also have the financial responsibility for waste disposal, according to the internationally followed "polluter pays" principle.
To reach its goal, Nagra has developed and can rely on a strong scientific basis compiled in the course of the last 40 years and continuously updated. This includes field investigations in both crystalline and sedimentary rocks, work performed in the underground research laboratories in Opalinus Clay at Mt. Terri and in crystalline rock at the Grimsel Test Site, as well as extensive experience and a comprehensive research and development program in performance assessment and conceptual design. Nagra also very actively supports and participates in international collaboration activities and is part of a broad network of organisations in Switzerland and abroad. The two underground laboratories in Switzerland have been established as technical platforms for such close international collaboration.
In 2008 a new step-wise site selection process was approved by the Federal Government. The stages of this process, which is led by the Federal Office of Energy, the roles of the various stakeholders, the selection criteria, and the necessary input for decision-making are described in the "Sectoral Plan for Deep Geological Repositories". The highest priority is assigned to safety and technical feasibility; for options that are equivalent from a safety point of view, spatial planning and socioeconomic aspects are then taken into consideration. A particular characteristic and a very important part of the site selection process is local and regional participation; one of the novelties of the Sectoral Plan is the organisation and implementation of such participation.
At Stage 1 of the Sectoral Plan process, broad siting regions have been identified by Nagra and approved by the authorities and the Federal Government. Stage 2 is now ongoing and will lead to the proposal of at least two sites for each repository, which will be reduced to one site for each repository in Stage 3 on the basis of further investigations and evaluation. The application for the general license could be submitted around 2022.
In the context of the challenging conditions for siting radioactive waste storage or disposal facilities in many countries, it would be useful to conclude with a reflection on some of the characteristics that contribute to the successful progress in Switzerland. These can be summarised as follows: i) a clear definition of roles and responsibilities process leader (Swiss Federal Office of Energy), regulator, implementer, regional, local and other stakeholders; ii) the start of regional participation at a very early stage of the process; iii) step-wise decision making (proposal by the implementer, evaluation and conclusion of a stage by a decision from the Federal Government); iv) recognised and accepted technical and scientific know-how from the implementer and the regulator; and finally, v) transparency and traceability.
